INTRODUCTION
The measurement of changes in cellular metabolism during in vitro toxicity testing and drug development testing offers a way to investigate sublethal effects of compounds, effects that may or may not involve changes in gene expression or genotype (1) (2) (3) . While the number of metabolic reactions is quite vast, the metabolic status of cells may be more simply approximated by measuring principle extracellular metabolites, such as glucose, lactate, CO 2 , and oxygen, which are involved in major metabolic pathways such as glycolysis, the tricarboxylic acid (TCA) cycle, and oxidative phosphorylation (4) . To date, methods to measure metabolic rates of mammalian cells in inexpensive high-throughput well-plate systems include an acidification rate assay, a combined assay for glucose consumption and lactate production, and an assay for changes in oxygen concentration (4) (5) (6) .
The measurement of CO 2 produced by mammalian cells can provide an overall measure of changes in central carbon metabolism and mitochondrial function. However, quantitative determination of CO 2 production rates is currently feasible only in bioreactors equipped with (i) mass spectrometers or gas analyzers for gas phase mole fraction determinations and (ii) CO 2 probes and/or blood gas analyzers for total liquid phase CO 2 (7) (8) (9) (10) (11) (12) (13) . In this report, we describe novel sealing plugs for a 24-well plate system and a corresponding method for the measurement of CO 2 production rates of mammalian cell cultures. This method is demonstrated using fibroblast cells treated with four chemicals that are known to act on mitochondria: 2,4-dinitrophenol (DNP), antimycin A, rotenone, and cyanide (14) (15) (16) (17) . Presumably, perturbation of mitochondrial function and the indirect effect on the rate of oxidation of metabolic substrates would be manifested in changes in CO 2 production.
The method presented here provides a faster, cheaper, multi-parallel, and comparably quantitative way to determine CO 2 production rates of mammalian cells. It is applicable to suspension as well as adherent cell lines and can be used for testing volatile compounds. It will be of use in various fields such as cell culture engineering, metabolic engineering, toxicology, and drug discovery and development.
MATERIALS AND METHODS

Cell Culture and Media
Mouse fibroblast cells (CRL-10225) were obtained from ATCC (Manassas, VA, USA). During routine maintenance, cells are grown in 75 cm 2 flasks in an incubator (Model 3110 series; Forma Scientific, Marietta, OH, USA) controlled at 37°C, 95% humidity, and 10% CO 2 . The maintenance medium consists of Dulbecco's minimum Eagle's medium (DMEM) (Mediatech, Herndon, VA, USA) supplemented with 10% fetal bovine serum (FBS) (Sigma, St. Louis, MO, USA), 10 U/ mL penicillin-10 µg/mL streptomycin (Sigma), and 4 mM L-glutamine (Mediatech). This medium contains 25 mM D-glucose and is buffered with 3700 mg/L sodium bicarbonate. Medium used during cell attachment prior to the start of a CO 2 production rate ("pretest" medium) consists of bicarbonate-free/glucose-free RPMI 1640 medium containing 2.05 mM glutamine (Sigma). It is supplemented with 10% FBS, 25 mM D-glucose, 10 U/mL penicillin-10 µg/mL streptomycin, and 50 mM HEPES, pH 7.3 (Sigma). Vanderbilt University, Nashville, TN, USA Medium used during the CO 2 production rate assay ("CPR test" medium) is the same as the pretest media, with the exceptions of substituting 10 mg/L insulin and 5 mg/L holotransferrin for serum, reducing glucose to 4.0 mM and increasing phenol red to 30.0 mg/L for the spectroscopic pH measurement (all from Sigma).
Determination of carbon dioxide production rates for mammalian cells in 24-well plates
Test Chemicals
DNP, antimycin A, rotenone, and potassium cyanide were all purchased from Sigma. Concentrated stocks of DNP, antimycin A, and rotenone were made in ethanol, whereas a concentrated stock of potassium cyanide was made in sterilized water. Test media for control and five different concentrations of a chemical received the necessary amount of concentrated stock as well as pure solvent such that the final concentration of solvent in every medium was 1% (v/v).
Sealing Plugs for the 24-Well Plate CO 2 Production Rate Assay
The determination of CO 2 production rates was accomplished in 24-well plates (BD Biosciences, San Jose, CA, USA) sealed with custom-made plugs ( Figure 1 ). The plugs were milled from clear polycarbonate plastic rods by the Vanderbilt Science Machine Shop (Nashville, TN, USA) and fitted with Viton ® O-rings (McMaster, Atlanta, GA, USA). The O-rings are under slight tension when placed in the groove near the top of the plug, causing their outer diameter to match that of the well near its opening. When inserted into a well filled with 0.50 mL of culture, a plug reduces gas volume in the well to 1.10 mL. The plugs are inserted by pushing softly until the O-ring is just within the top of the well. Prior to use in an experiment, the plugs are sterilized using 70% isopropyl alcohol (Sigma).
pH Measurement
The pH of each sealed well at the end of a CO 2 production rate test is determined prior to unsealing it by measuring the absorbance of the pH indicator, phenol red, using a method that has been previously reported (6) . Absorbance readings for pH measurement were performed on a Bio-Tek ® FL600 plate reader (Bio-Tek Instruments, Winooski, Vermont, USA) with the temperature controlled at 37°C. To correct for variations in plug clarity, condensation, and well plate background, an absorbance at A 720 is taken and subtracted from one at A 562 . Furthermore, the mean of absorbance scans at 25 distinct locations per well is used to reduce the variation of cell coverage. The net absorbance is converted to pH using a calibration line constructed in advance, and the estimated error in the pH measured using this method is less than 0.03 pH units. For all experiments conducted, the pH of a given well and chemical concentration decreased from 7.3 initially to a minimum of 6.8.
Enzymatic Assay for Total Liquid Phase CO 2
The total liquid phase CO 2 (dissolved CO 2 and HCO 3 -) for each well of a 24-well plate is determined by enzymatic assay. The enzymatic assay is based on an original recipe developed by Forrester et al. (18) . In this assay, phosphoenol pyruvate (PEP) is converted to malate in two reactions catalyzed by phosphoenol pyruvate carboxylase (PEPC) (Calbiochem-Novabiochem, La Jolla, CA, USA) and malic dehydrogenase (MDH) (Sigma). The first reaction requires a stoichiometric proportion of bicarbonate. The second reaction consumes the intermediate oxaloacetate while concomitantly consuming NADH (β-nicotinamide adenine dinucleotide-reduced disodium salt hydrate; Sigma), which is detected by the loss of absorbance. We modified the assay to increase its precision for concentrations in the range of 0.0-4.0 mM total liquid phase CO 2 
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To conduct the assay, an appropriate number of wells of a 96-well plate are prefilled with 120 µL reagent A. Then, triplicate 70 µL volumes of standards (sodium bicarbonate in distilled water; Sigma) and test samples are added to each well. The test samples are obtained from the 24-well plate by unplugging each well one at a time. The initial absorbencies of the wells are read at 375 nm using a µQuant™ Universal Microplate Spectrophotometer (BioTek Instruments) at room temperature. Then, 10 µL reagent B are added to each well, the plate is incubated for 15 min at room temperature, and the final absorbencies are determined at 375 nm.
Determination of CO 2 Production Rates of Fibroblast Cell Cultures Treated with Chemicals
Fibroblast cells harvested from 75 cm 2 flasks are centrifuged at 200× g for 10 min and resuspended in pretest medium at a cell density of 1.5 × 10 6 cells/mL. Five hundred microliters of this culture are seeded into wells of three rows of the 24-well plate, where a first row is reserved as cell-free. The well plate is then incubated in an oven (VWR International, Suwanee, GA, USA) with ambient levels of CO 2 at 37°C for 10 h to allow cell attachment. Next, the pretest medium is removed; all wells are washed twice with phosphate-buffered saline (PBS) (Mediatech), and 500 µL test media containing specific chemical concentrations are added to each well of one column, including the cell-free well. Each well of the plate is sealed by manual application of the plugs and incubated in the oven for 6 h at 37°C. At the end of the incubation period, absorbencies at 562 and 720 nm are read. Finally, each well is opened, immediately sampled in triplicate, and the samples are added into a 96-well plate prepared with CO 2 assay reagent. After sampling, the cell number and viability are determined for one well of each column (of each chemical concentration) by hemacytometer (Double Neubauer Counting Chamber Set; VWR International) with trypan blue staining.
Calculation of CO 2 Production Rates
In a sealed system, the carbon dioxide produced by the cells will exist in the liquid phase as dissolved CO 2 in equilibrium with bicarbonate and carbonate or in the gas phase as gaseous CO 2 . Under physiological conditions (pH near 7.0), the presence of carbonate is negligible (10) . It is convenient to combine dissolved CO 2 (C CO 2 ) and bicarbonate (C HCO 3 -) as C A , which is the actual measured quantity in the enzymatic assay and is referred to as "total liquid phase CO 2 ." At equilibrium, concentrations of dissolved CO 2 and total liquid phase CO 2 are related by the following equation, which is dependent on the pH: For gas-liquid systems at equilibrium, Henry's law adequately describes the relationship between C CO 2 and y CO 2 , the mole fraction in the headspace of a well:
With a large mass transfer rate of CO 2 of 28.2 h -1 (experimentally determined), it is reasonable to assume equilibrium between liquid and gas phase CO 2 and to use the bulk concentration in the Henry's law expression. After pH and C A are determined for each well, dissolved CO 2 can be calculated using Equation 1, which is then used to calculate the mole fraction of CO 2 (y CO 2 ) in the headspace using Equation 2. Finally, total CO 2 (C tot ) present in the well can be expressed as the total amount of CO 2 existing in the gas plus the liquid phases divided by the culture volume, which is shown in Equation 3 after rearrangement. The viable cell density used is the average of initially seeded viable cell density and final viable cell density determined by the trypan blue count, neglecting growth during 10 h of attachment.
Additional Assays for Culture Viability
The viabilities of fibroblast cultures exposed to the chemicals were further assessed using separate experiments in unsealed 24-well plates during 6-and 24-h incubations. Here culture viability was determined using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] and resazurin (also known as Alamar Blue™) (both from Sigma) assays. The resazurin reagent was prepared at a concentration of 0.0105% (20) . The pretest medium for these viability tests was the same as the pretest medium used prior to the CO 2 production rate assay. Media during 6-h incubations was the same as the CPR test media, with the exception of having standard amounts of phenol red (5.3 mg/L) to avoid interference with the MTT and resazurin readings. The medium for the 24-h incubations was the same as the media for the 6-h incubations, with the exception of having 25 mM glucose.
Growth of Fibroblast Cell Cultures Treated with Chemicals
The effects of the chemicals on cell growth were determined in 6-well plate experiments. Prior to adding medium with chemicals, the cells were placed into wells at a density of 2 × 10 5 viable cells/mL and allowed to attach by incubation in maintenance medium for 10 h in an incubator controlled at 37°C, 95% humidity, and 10% CO 2 . The maintenance medium was then removed, the cells were washed with PBS, and growth-test medium containing a specific concentration of a chemical was added to the cultures. Cell growth was RESEARCH REPORT followed for 6 days. Each day and for each concentration tested, one well was sacrificed for a cell count of both adherent and detached cells using the trypan blue exclusion method. Medium used for these assays consisted of bicarbonate-free and glucose-free RPMI 1640 medium containing 2.05 mM glutamine and supplemented with 25.0 mM D-glucose, 10% FBS, 10 U/mL penicillin-10 µg/mL streptomycin, and 2000 mg/L of sodium bicarbonate. This formulation differs from the CPR test medium in glucose content and buffering to allow for longer-term monitoring of cultures (7).
Statistical Analysis
Statistical significance at the 95% confidence level of differences between test and control cultures was compared using a Dunnett's test in JMP IN™ software (Duxbury, Pacific Grove, CA, USA).
RESULTS
Estimation of Headspace CO 2 Mole Fractions and Accumulation of CO 2 in Plug-Sealed Wells
The fraction of total CO 2 found in the headspace of a plug-sealed well under culture conditions is about 30%, necessitating its determination. To verify the estimation of headspace mole fractions of CO 2 based on measurements for pH and total liquid phase CO 2 , we equilibrated test medium in cell-free wells in a temperature-controlled CO 2 incubator set to maintain CO 2 at a particular level, which was confirmed by a Fyrite ® Gas Analyzer (Bacharach, New Kensington, PA, USA). Results shown in Table 1 are for tests accomplished with the incubator gas phase CO 2 settings of 3%, 5%, 7%, and 10%, where incubator settings less than 3% were not achievable with high precision.
The calculated values agreed sufficiently well with those set during the incubation, obviating the need to better define the parameters obtained from the literature. Next, we tested the feasibility of measuring the accumulation of CO 2 produced from fibroblast cell cultures. The total liquid phase CO 2 concentrations of wells containing 500 µL of fibroblast culture were analyzed at the end of 2-, 4-, 6-, 8-and 10-h intervals (Figure 2) . Wells that were left open only reached a total liquid phase CO 2 concentration of 0.08 mM. In contrast, wells that were sealed with the custom-made plugs demonstrated a fairly linear increase in CO 2 accumulation, up to 1.2 mM at 10 h. The loss of CO 2 during supernatant sampling for the CO 2 enzymatic assay is minimized by opening and sampling within 10 s and was found to be negligible during mass transfer experiments (data not shown). Overall, a 6-h interval was deemed to provide an acceptable signal-to-noise ratio for subsequent exposure experiments.
Monitoring CO 2 Production Rates of Fibroblast Cell Cultures Exposed to Four Toxic Chemicals
The assay was demonstrated by testing the effects of various concentrations of DNP, antimycin A, rotenone, and potassium cyanide on the average CO 2 production rates of fibroblast cell cultures obtained over 6 h (Figure 3) . DNP caused increases in CO 2 production up to approximately 50% for all concentrations tested, which was as low as 0.02 mM. CO 2 production was inhibited by approximately 60%-70% for all concentrations of antimycin A and rotenone tested, which were as low as 0.002 and 0.02 mM, respectively. Cyanide inhibited CO 2 production proportionally by 35%-65% for doses ranging from 0.2-1.0 mM.
Short-Term and Long-Term Effects of Chemicals on Growth and Death of Fibroblast Cultures
The fibroblast cultures exposed to these chemicals showed no noticeable changes in cell density or culture viability at the end of the 6-h incubation, as determined by cell counts using trypan blue (data not shown). The absence of effect on viability of the cultures at 6 h was further confirmed in additional experiments where viability was measured by MTT and resazurin assays (data not shown). Decreases in culture Measured total liquid phase CO 2 and measured pH obtained from cell-free test medium in 24-well plates equilibrated in an incubator with a fixed percentage of CO 2 . The estimated mole fraction is calculated using equilibrium equations (with dissociation and Henry's law constants from the literature) and the measured quantities. The difference (%) is the difference of the estimated and set mole percentages divided by the set mole percentage.
RESEARCH REPORT viability at 6 h were only observed for two chemicals, antimycin A and cyanide, when we increased their concentrations to 0.06-0.09 and 5.0-20.0 mM, respectively, where the range quoted is that taken from both the resazurin and MTT results (Figure 4) . Maximum achievable concentrations of DNP and rotenone of 1.0 and 0.1 mM, respectively [based on solubility limits of stock solutions and the specification of 1% (v/v) final solvent concentration], were not high enough to cause cell death in 6 h (data not shown).
The decreases in fibroblast culture viability (determined by a resazurin assay; data not shown) were not observable during 24-h exposures to concentrations of DNP, antimycin A, and rotenone used in the CO 2 production rate assay. However, we were able to observe growth inhibition of fibroblast cultures over a 6-day period at the minimum concentrations of antimycin A and rotenone tested in the CO 2 production rate assay (0.002 and 0.02 mM, respectively) but not for the minimum concentration of DNP ( Figure 5 ). The effects of cyanide could not be assessed in these longer-term, unsealed experiments due to its evolution as hydrogen cyanide (HCN).
DISCUSSION
The determination of CO 2 production rates for mammalian cell cultures in 24-well plates is dependent on specialized plugs for individually sealing the wells. Without plugging the wells, or even for a well sealed with conventional sealing tapes yielding a larger headspace of 3.0 mL, the total liquid phase CO 2 concentration does not exceed 0.10 mM. The quality of the seal provided by the plug fitted with an O-ring was tested by placing plug-sealed wells into an incubator set with 10% CO 2 for 6 h and measuring no CO 2 in the enclosed medium. Additionally, the plugs were made of optically clear material to allow for the determination of pH prior to opening a well. The well headspace volume was optimized to be small enough to allow CO 2 to accumulate appreciably, but not so small as to allow oxygen depletion to occur. That oxygen was not limited in plugged wells was indirectly confirmed by the measurement of similar glucose consumption and lactate production rates for cultures in sealed wells and open wells over 10 h of incubation (data not shown).
The CO 2 production rate assay also relies on not exposing the well plate 
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and cell cultures to high levels of CO 2 prior to or during the assay. Clearly, standard levels of bicarbonate buffer in the medium would confound the measurement of the lesser amounts of CO 2 from cellular production. In addition, during development, we discovered that the polystyrene well plates can actually reversibly adsorb CO 2 from the CO 2 incubator and media with standard amounts of bicarbonate buffer. Thus, we selected HEPES instead of bicarbonate as a buffer and used an oven with ambient levels of CO 2 to maintain the culture temperature. Furthermore, we determined the adsorption of CO 2 produced by the cells during an incubation period in the sealed wells is negligible (data not shown). Finally, in deciding a concentration for buffering, we chose a higher concentration of HEPES that would minimize changes in pH and allow more CO 2 to accumulate in the liquid phase as bicarbonate (10) .
The first application of this new system was aimed at studying the effects of DNP, antimycin A, rotenone, and cyanide, whose mechanisms are well known (14) (15) (16) (17) , on fibroblast cell metabolism. The observed changes in CO 2 production rates witnessed in our new system correspond well with the established mechanisms of action. The dissipation of proton gradient by DNP was expected to yield an increase in CO 2 production, whereas the direct blocking of components in the electron chain transport was expected to yield decreases in CO 2 production. The assay results provide quantitative measures for the degree of stimulation or inhibition of CO 2 production by these chemicals.
The sensitivity of the 6-h CO 2 production rate assay was comparable to the growth test, where severe growth inhibition at minimum concentrations of antimycin A and rotenone first became visible at 48 h. While DNP did not have a significant effect on growth at concentrations at its minimum tested, it did inhibit growth substantially at concentrations of 0.04 and higher (data not shown). However, in all cases, the test was more sensitive than a cell death screen, as none of the chemicals caused cell death at 6 or 24 h at the given concentration ranges that were tested in the CO 2 production rate assay. For two chemicals, antimycin A and cyanide, we observed decreased viability at concentrations that were 25-30 times greater than those causing significant metabolic change within 6 h. In summary, for the given fibroblast cell line and the chemicals tested, we have been able to precisely determine changes in CO 2 production at concentrations that correspond to growth inhibition without cell death. Additional work is needed to examine the correlation between metabolic changes and growth inhibition as well as to verify the use of shorter-term metabolic measures to predict longerterm physiological outcomes. 
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